apoptosis; kidney; mitogen-activated protein kinases; signal transduction SLK IS A SERINE/THREONINE kinase, which belongs to the Ste20 family of kinases (14, 15) . The yeast homolog Ste20p was discovered as a protein kinase in the haploid budding yeast Saccharomyces cerevisiae, and it participates in the mating pathway. Since the yeast Ste20p is believed to be a mitogenactivated protein kinase (MAPK) kinase kinase kinase (MAP4K), mammalian homologs of Ste20p may also function as MAP4Ks. In mammals, the two families of kinases related to Ste20p are the p21-activated kinases and germinal center kinases (GCK). Ste20p and the p21-activated kinases contain their kinase domain at the C termini, while the GCKs have their kinase domains at the N termini (14, 15) . The GCK family has been subdivided into eight groups. Group I GCKs are situated upstream of MAP3K-1, and they activate the c-Jun N-terminal kinase (JNK) pathway, while GCKs in groups II-VIII are diverse kinases, and some may be activated in vivo by various stresses (e.g., heat shock, ischemic injury, ATP depletion). Most GCKs are expressed ubiquitously, and most do not fit into the well-defined MAPK pathways, although there are exceptions.
The pathophysiological roles of most GCKs are poorly understood. Some GCKs participate in apoptotic signaling pathways, either the induction or inhibition of apoptosis via pathways involving MAPKs (14, 15) . For example, Mst1 of the GCK II subfamily can activate apoptosis through the JNK and p38 MAPK pathways (21, 28, 29) . SLK is a member of the GCK V subfamily and is distantly related to Mst1 and Mst2, while sharing high homology to lymphocyte-oriented kinase, another member of the GCK V subfamily (14, 15) . SLK has been shown to induce apoptosis when expressed in cultured fibroblasts (40, 41) , as well as kidney tubular and glomerular epithelial cells (GECs; podocytes) in culture, and recently, podocyte-specific overexpression of SLK in transgenic mice resulted in severe podocyte injury and loss of podocytes, in keeping with apoptosis (10, 11, 13, 23) . Moreover, SLK enhanced apoptosis in kidney cells after ischemia-reperfusion injury in vitro, and apoptotic signaling occurred via the JNK and p38 pathways (23) , and involved p53 (10, 37) . In addition to apoptosis, SLK may regulate cytoskeletal remodeling in fibroblasts and other cell lines. SLK was found to be associated with the microtubular network, and activation of SLK via focal adhesion kinase and extracellular signal-regulated kinase pathways destabilized the actin network. This process affected focal adhesion turnover, cell adhesion, spreading, and motility (3, 4, 44, 45) . SLK may also be involved in the modulation of vascular tone (22) .
In the kidney, SLK mRNA, protein, and kinase activity were increased during development and recovery from ischemic acute renal failure (13) , which recapitulates certain aspects of kidney development (16) . SLK was localized in both fetal and normal adult rat kidneys, with a strong presence in proximal and distal tubular epithelial cells, and some presence in GECs (13) . Changes in SLK expression and activity have also been reported in the developing brain and in ischemic brain injury (47) . Thus SLK may play a role in apoptosis incurred during the pathological response following ischemia-reperfusion injury and/or may be required for proper kidney and brain development.
The regulation of SLK catalytic activity is complex and poorly understood. Changes in activity may be associated with changes in expression (13, 18) . The SLK mRNA 3=-untranslated region contains adenine and uridine-rich elements, which can destabilize the mRNA and affect protein expression (12) . Posttranslational mechanisms may also regulate kinase activity. It was reported that deletion of the C-terminal domain of SLK enhanced kinase activity, and the authors suggested that the C-terminal domain may be autoinhibitory (40) . SLK contains several potential phosphorylation sites, which could modulate kinase activity (4, 38) , and has an extensive C-terminal domain, within which are found coiled-coils (46) . Coiled-coil domains are intertwined ␣-helices that permit protein-protein interactions (33) . Coiled-coils generally possess a pattern of heptad repeats, with hydrophobic residues in the first and fourth positions of the heptad (which can bind through van der Waals forces), and charged or polar residues in the fifth and seventh positions. The presence of the coiled-coils in the C-terminal domain suggests that SLK may undergo homodimerization or oligomerization, and previously we showed that full-length (wild-type) SLK was able to associate with a glutathione-S-transferase (GST) fusion protein, containing only the SLK C-terminal domain (23) . This interaction led to enhanced SLK catalytic activity (23) . Another study showed that the kinase domain of SLK (without the C-terminal domain) can dimerize in vitro, albeit dimerization was weak (38) . Such dimerization facilitated autophosphorylation and kinase activation. Thus the coiled-coil domains located in the C terminus of full-length SLK may potentially enhance the effectiveness of catalytic domain dimerization to facilitate robust activation of kinase activity. By analogy, the related Ste20-like kinase Mst1 was found to homodimerize through its C-terminal region (9) .
The present study addresses the regulation of SLK by homodimerization. We demonstrate that in cells, the coiledcoil regions of SLK can homodimerize and that SLK exists as a high-molecular-mass complex. To determine whether homodimerization enhances the kinase activity of SLK, we constructed a fusion protein of the SLK catalytic domain with a dimerization domain, which allows for precise control of homodimerization by the addition of a chemical compound. Using this model, we demonstrate that compared with the monomer, dimeric SLK shows greater kinase activity, stimulates various downstream signaling pathways more effectively, and enhances apoptosis.
MATERIALS AND METHODS

Materials.
Tissue culture and molecular biology reagents were purchased from Invitrogen Life Technologies (Burlington, ON) and Wisent (St. Bruno, QC). Electrophoresis and immunoblotting reagents were purchased from Bio-Rad Laboratories (Mississauga, ON) and Amersham GE Healthcare (Baie d'Urfé, QC). Myelin basic protein was purchased from Sigma-Aldrich Canada (Mississauga, ON). Mouse anti-hemagglutinin antigen epitope tag (HA) and mouse anti-GST antibody IgGs were from Santa Cruz Biotechnology (Santa Cruz, CA). [␥-
33 P]ATP (3,000 Ci/mmol) was purchased from PerkinElmer Canada. Protein A-coupled agarose beads were purchased from Millipore (Temecula, CA). Rabbit anti-phospho-JNK (Thr-183/Tyr-185) and rabbit anti-phospho-p38 (Thr-180/Tyr-182) IgGs were from Cell Signaling Technology (Danvers, MA). The pC 4MFv2E plasmid and AP20187 were provided as contents of the Argent Regulated Homodimerization Kit (www.ariad.com/regulationkits) from ARIAD Pharmaceuticals (Cambridge, MA). The Bax promoter pGL3Bax-luciferase plasmid (35) was kindly provided by Dr. Ze'ev Ronai (Burham Institute for Medical Research, La Jolla, CA), and the p53-luciferase reporter plasmid was described previously (10) . Luciferase reporter assay reagents were purchased as the Dual-Luciferase Reporter Assay System Kit from Promega (Madison, WI). Rabbit anti-SLK antibody was described previously (13, 23) .
Plasmid construction. Full-length HA-SLK and HA-SLK 1-373 expression vectors and GST-SLK(CT) (Fig. 1) were described previously (13, 23) . PCR was used to subclone SLK 1-373 into pC 4MFv2E (Fv-SLK 1-373; Fig. 1 ). Full-length human SLK cDNA was used as a template. Three PCRs were carried out, using Pwo DNA polymerase (Roche Applied Science, Mannheim, Germany). The goal of the first two PCRs was to introduce a silent mutation to abolish the XbaI site at base number 318 of human SLK. Primers 5=-CCGGAATTCGCCGCCAT-GTCCTTCTTCAATTTCCGTAAGA-3= (forward-1) and 5=-TAGAAGGCATCCAGAAGCTTGACTATATTT-3= (reverse-1) were used to create the first product of 293 base pairs, and the primers 5=-TAGTCAAGCTCCAGATGCCTTCTATTAT-3= (forward-2) and 5=-CTAGCTAGTCTAGAGAGTTTATCTTCAGAGTTACTACGT-TCTG-3= (reverse-2) were used to create a product of 857 base pairs. The third PCR employed the first and second products as templates to produce SLK 1-373 with a product size of 1,125 base pairs, using the primers forward-1 and reverse-2 (above). The final PCR product, SLK amino acids 1-373, was ligated into the cloning vector pPCRScript Amp SK(ϩ) (Stratagene, La Jolla, CA) and was verified by DNA sequencing. Then, the PCR product was subcloned into plasmid pC 4MFv2E at the EcoRI and XbaI sites (which deleted the myristoylation signal from the vector). It should be noted that the construct also contains a C-terminal HA tag.
The structure of SLK was analyzed for the presence of coiled-coils using computer programs (2, 33) . Construction of green fluorescent protein (GFP)-N-terminal coil (amino acids 826 -929), GFP-C-terminal coil (amino acids 942-1038), and GFP-double coil regions of SLK (amino acids 826 -1038) was carried out using PCR and full-length SLK cDNA as a template (Fig. 1) . Primers for the double coil were 5=-CCAGAATTCATTGTTGATGGTGTAGAAGTGAGTG-3= (forward) and 5=-CGCGGATCCGTCTCACTGCGCTGAATCTT-3= (reverse). For the N-terminal coil, the forward primer was the same as above, and the reverse primer was 5=-CGCGGATCCCCTTCTTTCG-GTTCTTCAGC-3=. For the C-terminal coil, the forward primer was 5=-CCAGAATTCAGGAAAGAGGAGCTTGCAC-3= and the reverse primer was the same as for the double coil. PCR products were subcloned into the vector pEGFP-C2 (Clontech, Mountain View, CA) at the EcoRI and BamHI restriction sites and were verified by DNA sequencing.
Cell culture and transfection. Experiments were carried out in COS-1 cells (a monkey kidney cell line) and rat GECs. COS-1 cells were cultured in DMEM with 10% fetal calf serum. GECs have been characterized previously (7) and were cultured in K1 medium, which consists of DMEM, Ham F-12, with a 5% NuSerum and hormone mixture (13) . Transient transfection with plasmid DNA was carried out with either Lipofectamine 2000 from Invitrogen Life Technologies or TransIT-LT1 from Mirius (Madison, WI) according to the manufacturer's instructions. Transfection with an empty vector (e.g., pRC/RSV) was used in controls. Based on transfection of GFP, the transfection efficiency in COS-1 cells was Ͼ60%, while transfection efficiency in GECs was ϳ10% (10) .
Immune complex kinase assays. After treatment and incubation of cells, proteins (ϳ0.5 mg) were solubilized in lysis buffer containing 1% Triton X-100, 125 mM NaCl, 10 mM Tris (pH 7.50), 1 mM EGTA, 1 mM EDTA, 2 mM Na 3VO4, 5 mM Na4P3O7, 25 mM NaF, 20 M leupeptin, 10 M pepstatin, 50 M bestatin, 15 M E64, 0.8 M aprotinin, and 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride . CTC, C-terminal coil; NTC, N-terminal coil; GFP, green fluorescent protein; GST, glutathione S-transferase (GST). (13, 23) . The lysates were then centrifuged at 14,000 g for 10 min. Immunoprecipitation of proteins in the supernatants was carried out with primary (anti-HA) antibody IgG (2 h, 4°C) or nonimmune IgG as a control, followed by the absorption of complexes using protein A-coupled agarose beads (1 h, 4°C). The immunoprecipitates were then incubated with 20 mM HEPES (pH 7.20), 20 mM ␤-glycerophosphate, 10 mM MgCl 2, 1 mM dithiothreitol, 0.5 mM Na3VO4, 0.5 mg/ml bovine brain myelin basic protein, and 20 M [␥-
33 P]ATP (5 Ci). Following a 5-min incubation period at 30°C, kinase reactions were stopped with the addition of Laemmli buffer. Samples were boiled for 10 min and then used for SDS-PAGE and autoradiography. Quantification of immunoblots was performed by densitometry. Blots were scanned, and specific bands of interest were selected to measure for density using National Institutes of Health ImageJ software. Results are expressed in arbitrary units. Preliminary studies demonstrated that there was a linear relationship between densitometric measurements and the amounts of proteins loaded onto gels.
Immunoprecipitation and immunoblotting. Cells were scraped from culture dishes into lysis buffer, and immunoprecipitation was carried out as described above (13, 23) . Cell lysates or immune complexes were boiled in Laemmli buffer and were subjected to SDS-PAGE. Proteins were transferred onto nitrocellulose membranes. The membranes were blocked with 5% BSA and were incubated with primary antibody. After washing, membranes were incubated with horseradish peroxidase-coupled secondary antibody and were developed using ECL.
Analysis of proteins by gel-filtration chromatography. Cell homogenates were prepared as described previously (13) (20) . Protein content was monitored by continuous UV absorption spectrometry at 280 nm. The flow rate was 0.25 ml/min. Proteins were collected in 0.5-ml fractions and were then detected by immunoblotting. The column was calibrated using blue dextran (2,000 kDa), thyroglobulin (669 kDa), IgG (150 kDa), and BSA (67 kDa).
Luciferase reporter assays. Assays were performed using a Promega Dual-Luciferase Reporter Assay System Kit, according to the manufacturer's instructions (10) . Luciferase activity was measured in a Berthold, Lumat LB 9507 luminometer, and the ratios between firefly luciferase activity and Renilla luciferase activity were calculated. While the firefly luciferase serves as the principal reporter, the Renilla luciferase serves as an internal control for intersample variability related to transfection.
Cell counts. COS-1 cells were plated at 50,000 cells/35-mm cell culture dish and were transfected 24 h later. Forty-eight hours after the initial cell plating, fresh medium was added, and some samples of cells transfected with Fv-SLK 1-373 were treated with AP20187 to induce the homodimerization of Fv-SLK 1-373. Control cells (transfected with an empty vector) were also treated with AP20187. After 24 h (72 h after the initial cell plating), fresh AP20187 in fresh medium was added where applicable. The cells were harvested 96 h after the initial cell plating. Cells were detached from culture dishes with trypsin and resuspended in PBS. Cells were counted in a hemocytometer (13) .
Hoechst staining. COS-1 cells were plated, transfected, and treated with AP20187, as described above. The cells were harvested 96 h after the initial cell plating and were subjected to staining with Hoechst H33342 dye and propidium iodide. Cells with nuclei that were pyknotic and fragmented and stained negatively for propidium iodide were counted as apoptotic. Propidium iodide identifies necrotic cells (which have compromised cellular membranes), as it is impermeable to the plasma membranes of both viable and apoptotic cells (13) . Analysis was performed using the University of Texas Health Science Center at San Antonio Image Tool program.
Statistics. Data are presented as means Ϯ SE. Significant differences between groups were established by the t-statistic. One-way ANOVA was utilized to establish significant differences among groups. Where there were significant differences, comparisons were made between groups using the t-statistic, adjusting the critical value using the Bonferroni method.
RESULTS
Homodimerization of SLK.
The C-terminal region of SLK contains coiled-coil structures, which may potentially be involved in homodimerization (46) . In coimmunoprecipitation experiments, we previously showed that full-length (wild-type) SLK was able to associate with GST-SLK(CT) (23) , implying that SLK can homodimerize via the C-terminal domain. Initially, we examined potential homotypic interactions of the coiled-coil regions of SLK. COS-1 cells were transfected with constructs containing GFP fused with the SLK N-terminal coil, C-terminal coil, or both coils (double coil) ( Fig. 1) . Lysates of the cells were mixed with GST-SLK(CT) and were subjected to pull-down assays or immunoprecipitation. Pull-down with GST-SLK(CT)-glutathione-agarose demonstrated associations with the SLK N-terminal, C-terminal, and double coils, and was most prominent with the C-terminal coil ( Fig. 2A) . The pull-downs paralleled expression levels of the coils; that is, immunoblotting of cell lysates demonstrated that after transfection of comparable amounts of the three coil cDNAs, the SLK C-terminal coil showed greatest expression, while expression of the N-terminal coil and double coil was weaker ( Fig. 2A) . Following expression of GFP-N-terminal coil, -C-terminal coil, or -double coil, immunoprecipitation of COS-1 cell lysates with anti-GFP antibody in the presence of exogenous GST-SLK(CT) resulted in coimmunoprecipitation of GST-SLK(CT) (Fig. 2B) . Together, these results indicate that the coiled-coil regions of SLK can mediate homodimerization.
To determine whether full-length SLK is present as a monomer or oligomer, we analyzed SLK-containing protein complexes by gel-filtration chromatography (Fig. 2C) . Transient transfection of SLK in COS-1 cells results in about three-to fourfold overexpression compared with the endogenous SLK (23) . HA-SLK expressed in COS-1 cells eluted in fractions 6 -8 (ϳ669 kDa) but not in fraction 12 (ϳ150 kDa). The elution profile of endogenous SLK in COS-1 cells was similar to that of ectopically expressed HA-SLK (Fig. 2C) , indicating that the elution profile was not influenced by overexpression of recombinant SLK. The calculated molecular mass of SLK is ϳ140 kDa, whereas on SDS-PAGE, SLK migrates closer to ϳ200 kDa. Thus the results of the gel-filtration chromatography suggest that in resting COS-1 cells, the monomeric form of SLK is not detectable. We also performed gel-filtration chromatography to examine the elution profile of endogenous SLK in GECs that were either untreated or subjected to UV stress (UV light exposure for 2 min, followed by 30-min incubation in medium). In both instances, the elution of endogenous SLK in GECs (results not shown) was identical to the results seen in COS-1 cells (Fig. 2C, bottom) .
Homodimerization increases kinase activity of SLK. The next series of experiments addressed the role of homodimerization in modulating kinase activity. In one earlier study (40), but not another study (46) , deletion of the C-terminal domain of SLK was shown to increase SLK catalytic activity, and the authors of this study suggested an autoinhibitory role for the C-terminal domain. We performed similar experiments, comparing the kinase activity of full-length SLK with that of SLK 1-373, a construct that contains only the N-terminal kinase domain (Fig. 1) . In our hands, the kinase activity of full-length SLK was comparable to SLK 1-373 (Fig. 3A) . However, expression of the SLK 1-373 protein appeared to be significantly greater than full-length SLK. Therefore, when kinase activity of SLK was normalized for protein expression, the activity of full-length SLK appeared to be greater compared with SLK 1-373, and certainly the activity of full-length SLK was not lower compared with SLK 1-373 (Fig. 3B) . Furthermore, we added the C-terminal domain of SLK to the catalytic domain and assayed for potential interactions and kinase activity. Addition of the C-terminal domain, i.e., GST-SLK(CT), had no significant effect on the kinase activity of SLK 1-373 (Fig. 3C) , although GST-SLK(CT) coimmunoprecipitated with HA-SLK 1-373 (Fig. 3D) . These experiments suggest that the C-terminal domain of SLK can interact with the N-terminal catalytic domain; however, the C-terminal domain does not appear to negatively regulate SLK kinase activity. An alternate possibility is that the C-terminal domain of SLK could facilitate an increase in kinase activity by mediating homodimerization.
To assess whether homodimerization increases the kinase activity of SLK compared with the monomer, we adapted a system for forced dimerization of proteins in intact cells (1, 8) . COS-1 cells were transiently transfected with a cDNA encoding Fv-SLK 1-373, which expresses a fusion protein of the SLK N-terminal kinase domain (SLK 1-373) and two modified FK506 binding protein domains (Fv), plus a HA tag (Fig. 1) . The drug, AP20187 (an analog of FK506), binds to the Fv domains of the fusion protein, resulting in the homodimerization or oligomerization of adjacent SLK N-terminal kinase domains in a controlled fashion. Thus, to compare the kinase activities between homodimerized and monomeric Fv-SLK P]ATP and myelin basic protein, and incorporation of 33 P into myelin basic protein was used as a marker of kinase activity. Weak 33 P incorporation was evident in cells that had not been treated with AP20187, suggesting that monomeric Fv-SLK 1-373 exhibits reduced kinase activity (Fig. 4, A and B) . There was a threefold increase in 33 P incorporation in cells exposed to AP20187 (i.e., dimeric SLK) compared with untreated (monomeric) (Fig. 4, A and B) . Normal mouse IgG did not immunoprecipitate the fusion protein (Fig. 4A) .
We also observed that COS-1 cells expressing Fv-SLK 1-373 protein and treated with AP20187 yielded a greater amount of immunoprecipitated fusion protein compared with untreated (Fig. 4, C and D) . Nevertheless, the increase in kinase activity of the homodimerized Fv-SLK 1-373 was greater by about twofold compared with the monomer, even when adjusted for the amounts of immunoprecipitated proteins. The increase in the relative amounts of immunoprecipitated dimeric fusion protein may have been due to the greater abundance of HA epitopes assembled together in a more favorable conformation for binding by HA antibody, possibly due to a greater affinity of the antibody for dimerized epitopes.
To verify the effectiveness of AP20187 in inducing homodimerization of Fv-SLK 1-373, lysates of COS-1 cells transfected with Fv-SLK 1-373, treated with or without AP20187, were subjected to gel-filtration chromatography. In untreated cells, Fv-SLK 1-373 eluted mainly in fractions 12-15 (Fig. 5, A and B) , in keeping with the molecular mass of Fv-SLK 1-373 on SDS-PAGE (ϳ75 kDa). Densitometric quantification demonstrated that only ϳ3% of total Fv-SLK 1-373 was found in fractions 7-11 (i.e., molecular mass Ͼ150 kDa) (Fig. 5B) . In contrast, in AP20187-treated cells, a portion of the Fv-SLK 1-373 shifted to fractions 7-11, reflecting homodimerization (Fig. 5, A and B) . Densitometric quantification indicated that AP20187 induced homodimerization of ϳ30% of Fv-SLK 1-373 (Fig. 5B) .
Induction of p38 and JNK phosphorylation by homodimerized Fv-SLK 1-373. Previous studies have shown that SLK signals via the p38 and JNK pathways (10, 23, 40) . To determine whether the increase in SLK activity resulting from the induction of homodimerization of Fv-SLK 1-373 can stimulate the activation of p38, lysates of transiently transfected GECs were immunoblotted with activation-specific phospho-p38 antibody. In the presence of AP20187 (3-h incubation), Fv-SLK 1-373 increased the phosphorylation of p38 by 1.7-fold compared with untreated cells (Fig. 6, A and B) ; the increase was 1.8-fold upon incubation with AP20187 for 24 h (Fig. 6C) . In these experiments, untreated Fv-SLK 1-373 did not enhance p38 phosphorylation significantly compared with control vector transfections. Thus increased kinase activity, resulting from homodimerization of SLK, enhanced phosphorylation of p38. The expression of Fv-SLK 1-373 protein was relatively constant among the cells transfected with Fv-SLK 1-373 cDNA (Fig. 6A, anti-HA blot) , and the p38 expression levels were also constant across samples (Fig. 6A) . GECs transiently transfected with the control vector, treated with AP20187, and subjected to immunoblot analysis with antiphospho-p38 antibody showed no increase in p38 phosphorylation (results not shown), indicating that AP20187 did not directly induce p38 phosphorylation.
An analogous protocol was used to determine whether the increase in SLK activity after induction of homodimerization of Fv-SLK 1-373 can stimulate the phosphorylation of JNK. An increase in the activation-specific phosphorylation of the 46-kDa JNK isoform was detected in GEC transiently transfected with Fv-SLK 1-373 and treated with AP20187 compared with their untreated counterparts. Compared with the monomer, dimerized Fv-SLK 1-373 increased the phosphory- lation of the 46-kDa JNK by 2.2-fold (Fig. 7, A and B) when incubation with AP20187 was for 3 h, and the increase was 1.5-fold when incubation with AP20187 was for 24 h (Fig.  7C) . By analogy to phospho-p38, untreated Fv-SLK 1-373 did not enhance JNK phosphorylation significantly compared with control vector transfections, and cells transiently transfected with control vector, treated with AP20187, and subjected to immunoblot analysis with phospho-JNK antibody showed no increase in JNK phosphorylation (results not shown). The expression of Fv-SLK 1-373 protein was relatively constant among the cells transfected with Fv-SLK 1-373 cDNA, and the JNK expression levels were also constant across samples (Fig. 7A) .
In keeping with earlier results (10), full-length (wild-type) SLK generally induced phosphorylation of both p38 and JNK (46-kDa isoform), particularly at the 3-h time point (Figs. 6A and 7A). However, by analogy to Fig. 3A , compared with Fv-SLK 1-373, expression of the full-length SLK was weak, probably due to lower transfection efficiency. Therefore, direct comparison of activation-specific phosphorylation by wildtype SLK with Fv-SLK 1-373 was not performed. UV radiation (used as a positive control) greatly induced the phosphorylation of p38 and both JNK isoforms (Figs. 6A and 7A) .
Homodimerization of SLK increases apoptosis. SLK promotes apoptosis in various cultured cells (including kidney cells) and in podocytes in vivo (10, 11, 13, 23, 40) . To determine whether dimerization of the kinase domain affected apoptosis, COS-1 cells were transiently transfected with Fv-SLK 1-373 or control vector and were treated with or without AP20187. Expression of untreated Fv-SLK 1-373 resulted in greater apoptosis compared with control vector transfections (Fig. 8A) . However, in the presence of AP20187, a greater number of Fv-SLK 1-373-transfected cells underwent apoptosis compared with untreated. AP20187 had no significant effect on apoptosis in control vector-transfected cells (Fig. 8A) .
To substantiate the above results, we also monitored changes in cell number. Transfection of Fv-SLK 1-373 tended to reduce cell number compared with control vector transfection, and AP20187 induced a further significant reduction in cell number in the former. AP20187 had no significant effect on cell number in control vector-transfected cells (Fig. 8B) .
Homodimerized SLK stimulates Bax and p53 reporter activities. In previous studies, we showed that SLK can mediate apoptosis via JNK (10) and p38 (23) , and the process involved activation of caspase-9 and release of cytochrome c, consistent with involvement of the mitochondrial apoptotic pathway (23) . To confirm that the proapoptotic effect of dimeric SLK involved the mitochondrial apoptotic pathway, we examined the induction of Bax, a protein involved in the mitochondrial apoptotic pathway. In addition to p53-responsive elements (35) , the Bax promoter contains an AP1 consensus sequence (34) , which can be activated by the formation of Jun homodimers or Jun/Fos heterodimers mediated by the phosphorylation of c-Jun by JNK. GECs were transiently transfected with a firefly luciferase reporter plasmid that contains the Bax promoter (Ϫ680 to Ϫ317 bp) (35) , along with Fv-SLK 1-373, and were treated with AP20187. Fv-SLK 1-373 increased the Bax promoter-luciferase reporter in un- treated cells compared with the control vector. Fv-SLK 1-373 plus AP20187 showed a ϳ50% greater Bax-luciferase reporter activity compared with the untreated Fv-SLK 1-373, indicating that homodimerization of SLK can enhance the induction of Bax and the mitochondrial apoptotic pathway (Fig. 9) . We also examined the effect of SLK on the activation of the Bax-luciferase reporter in the presence or absence of JNK-or p38-directed inhibitors (SP600125 and SB203580, respectively) (10) . Both inhibitors reduced luciferase activity significantly (Table 1) , consistent with the involvement of JNK and p38 in the activation of Bax. Finally, we compared the magnitude of the SLK effect on the Bax-luciferase reporter with other potentially apoptogenic stimuli. In vitro ischemia-reperfusion injury (10, 13, 23) , i.e., incubation of GECs with 10 M antimycin Aϩ10 mM 2-deoxyglucose ("chemical anoxia"; 40 min) followed by 4 h of reexposure to glucose ("recovery") Previously, we demonstrated that SLK stimulated p53 transactivational activity (using a luciferase reporter plasmid containing a p53 cis-enhancing element) and that p53 activation was associated with apoptosis (10). In the same study, we demonstrated that activation of this p53-luciferase reporter by SLK was blocked by the JNK-directed inhibitor SP600125 or by coexpression of recombinant dominant negative JNK or p38 (10) . In the present study, we used the p53 reporter assay to assess the effect of SLK dimerization on p53 activity. GECs were transfected with p53-luciferase reporter, together with a control vector or Fv-SLK 1-373. AP20187 (100 nM) was added to some cells after transfection, and luciferase activity was measured after 48 h. Compared with the vector, untreated Fv-SLK 1-373 enhanced luciferase activity 1.20 Ϯ 0.02-fold, while Fv-SLK 1-373ϩAP20187 enhanced luciferase activity 1.44 Ϯ 0.15-fold (P ϭ 0.02 untreated vs. AP20187, 6 experiments). Although the increase in the p53-luciferase reporter was weaker compared with the Bax reporter, together the results support the view that dimerization of the SLK catalytic domain enhances proapoptotic signaling.
DISCUSSION
The present study addressed the regulation of SLK activity. Previously, it was shown that SLK expression and activity are increased in the developing kidney and in renal ischemiareperfusion injury (13) . Second, full-length SLK was able to associate with a GST fusion protein containing the SLK C terminus (23) . These results, plus the presence of protein interaction (coiled-coil) domains in the C-terminal region of SLK, implied that regulation of SLK catalytic activity may involve an increase in expression and homodimerization or oligomerization. In the present study, we employed overexpression of SLK in cultured cells (which we have used to model the increased expression observed in the in vivo circumstances) to examine the role of homodimerization of SLK in Values are means Ϯ SE of 3 experiments. Cells were transfected with Bax-luciferase reporter, together with hemagglutinin (HA), SLK, or control vector. The JNK-directed inhibitor SP600125 (10 M) and the p38-directed inhibitor SB203580 (10 M) were added after 24 h. Luciferase activity was measured after another 24 h. *P Ͻ 0.004 SLK vs. vector, P Ͻ 0.003 SLK vs. SLKϩSB203580, P Ͻ 0.01 SLK vs. SLKϩSP600125.
detail. Two coiled-coil regions of the SLK C-terminal domain were expressed as GFP fusion proteins, and pull-down with GST-SLK(CT)-glutathione-agarose demonstrated association with the SLK coils (Fig. 2) . Conversely, following expression of the GFP-N-terminal coil, C-terminal coil, or double coil, immunoprecipitation with anti-GFP antibody in the presence of exogenous GST-SLK(CT) resulted in coimmunoprecipitation of GST-SLK(CT) (Fig. 2) . These results support the view that the coiled-coil regions of SLK are able to mediate homodimerization.
Gel-filtration chromatography demonstrated that full-length SLK, both ectopically expressed and endogenous forms, were present in cells as high-molecular-mass complexes, and there was an absence of SLK in fractions where the monomeric form of SLK would be predicted to appear (Fig. 2) . These results indicate that in cells, SLK is unlikely to be an isolated monomer and suggest that SLK may be present in a dimeric or oligomeric form, or that the high-molecular-mass complex represents SLK in tight association with another protein(s). Further studies will be required to address these possibilities.
To determine whether homodimerization of SLK can lead to an increase in its kinase activity, we employed a fusion protein consisting of the SLK N-terminal kinase domain (SLK 1-373) and two Fv domains. The drug AP20187 binds to the Fv domains, resulting in homodimerization of adjacent SLK kinase domains in a controlled fashion (1, 8) . Analysis by gel-filtration chromatography demonstrated that ϳ30% of Fv-SLK 1-373 underwent dimerization after treatment of cells with AP20187 (Fig. 5) . Studies of other Fv fusion proteins in analogous systems have reported dimerization rates of ϳ50 -70% (5, 17) . The relatively lower amount of Fv-SLK 1-373 dimerization may have been dependent on certain physical factors of the SLK fusion protein, such as proximity of the domains, their relative orientation, and conformational flexibility/rigidity (1) . Using this dimerization system, we showed that the kinase activity of the Fv-SLK 1-373 in AP20187-treated cells is greater compared with untreated, when measured by an in vitro kinase assay (Fig. 4) . These studies were extended to define the role of dimerization of the kinase domain in the function of SLK. Previously, it was demonstrated that SLK can induce apoptosis in various cell lines (including COS-1 cells, GECs, MDCK cells), and in podocytes in vivo (10, 11, 13, 23, 40, 41) . In the present study, transfection of Fv-SLK 1-373 in the absence of AP20187 stimulated apoptosis compared with the control vector, whereas addition of AP20187 further enhanced apoptosis (Fig. 8) . By analogy, monomeric Fv-SLK 1-373 tended to reduce cell number, while dimeric Fv-SLK 1-373 produced a substantial decrease (Fig.  8) . The percent decrease in cell number exceeded the percentage of apoptotic cells (Fig. 8) . The explanation for this may be that the cell count represents a cumulative loss of cells over 72 h, while the Hoechst apoptosis assay represents apoptosis at one distinct time point. Moreover, we have previously demonstrated that expression of SLK can reduce [ 3 H]thymidine incorporation (23) , in keeping with decreased proliferation. While the magnitude of apoptosis induced by SLK was relatively small (Fig. 8) , it should be noted that even a small difference in the magnitude could significantly affect the ability of the kidney to recover from an apoptogenic insult in which the missing (i.e., apoptotic) cells cannot contribute to repair that partially depends upon proliferation of tubular epithelial cells (16) .
Previous studies have shown that full-length SLK can induce the activation of p38 (23) and JNK (10, 40, 41) and that the activation of these stress kinase pathways leads to apoptosis. The intermediary protein kinases involved in p38 and JNK activation include apoptosis signal-regulating kinase 1 as well as MEKK1 and MKK4 (10, 40, 41) . We demonstrated that dimeric Fv-SLK 1-373 induced activation-specific phosphorylation of p38 and JNK more effectively compared with the monomer (Figs. 6 and 7) .
The potential involvement of the mitochondrial pathway in the apoptotic response of SLK was demonstrated in earlier work (10, 23) and was further investigated in the present study using a Bax promoter-luciferase reporter assay. Bax is a proapoptotic protein that is cytosolic in resting cells but permeates the mitochondrial membrane upon its activation, liberating mitochondrial factors, which activate caspases (24, 27) . Thus the activation of Bax can act as a switch in controlling whether mitochondrial apoptosis occurs. The Bax promoter contains p53-responsive elements and an AP1 consensus sequence, which can be activated by the formation of Jun homodimers or Jun/Fos heterodimers, mediated by the phosphorylation of c-Jun by JNK (34, 35) . The Bax promoter is differentially regulated by p53 in a cell type-specific manner (42) , and our studies in GECs have suggested that p53 by itself is not sufficient to activate the Bax promoter (unpublished observations). In the present study, it was found that monomeric Fv-SLK 1-373 stimulated the Bax promoter-luciferase reporter, while dimeric Fv-SLK 1-373 amplified activation (Fig. 9) . The activation of Bax is in keeping with earlier results (23) , which supported induction of apoptosis by SLK through the mitochondrial apoptotic pathway. Bax activation may also involve posttranscriptional mechanisms, including phosphorylation by JNK or p38 (25) . Thus activation of SLK and its downstream effectors, JNK and p38, could potentially contribute to Bax activation via phosphorylation.
Previously, we demonstrated that SLK stimulated p53 transactivational activity (10) . Moreover, SLK activated p53 via phosphorylation on Ser-33 and Ser-315, and p53 augmented apoptosis after in vitro ischemia-reperfusion injury (10) . Activation of p53 was mediated via the JNK pathway and possibly p38 (10) . In the present study, we have observed that homodimerized Fv-SLK 1-373 increased p53 reporter activity more robustly compared with the monomer, providing further support for the view that dimerization of the catalytic domain enhances proapoptotic activity.
Activation through dimerization has been demonstrated for other serine/threonine protein kinases, including mixed lineage kinase 3 (32), MEKK2 (6), Ca 2ϩ /calmodulin-dependent kinase 2 (39), as well as the GCKs Mst1 (9) and Mst2 (19) . Also, receptor tyrosine kinases can dimerize and become activated upon binding of extracellular ligands (31) . Homodimerization of the SLK kinase domain can potentially facilitate transphosphorylation of adjacent kinase domains to induce activation. The kinase activation segment may be involved in the regulation of catalytic activity by the phosphorylation of one or more of its amino acids and consists of a magnesium-binding site (Asp-Phe-Gly or DFG motif), a short ␤-strand, the activation loop, and the Pϩ1 loop (15, 36) . When the activation segment phosphorylation sites are situated close together with the active site of the participating protomer, it may allow for a spatial arrangement favoring an active kinase (30, 31, 38) . Moreover, in the case of SLK, phosphate moieties may stabilize the activation segment in a spatial arrangement that is favorable for the binding to substrate (38) . Actually, the kinase domain of SLK can dimerize in vitro and undergo autophosphorylation and kinase activation, although dimerization is weak (38) . The present study indicates that in cells, there was little detectable dimerization of the kinase domain, as Fv-SLK 1-373 was almost exclusively monomeric in the absence of AP20187 (Fig. 5) ; however, the monomeric SLK kinase domain possesses reduced catalytic activity (Fig. 3) , signaling capabilities (Fig. 9) , and proapoptotic effects (Fig. 8) . Possibly, a portion of the monomeric catalytic domains, when highly expressed, spontaneously underwent dimerization, which may have resulted in a posttranslational change, such as phosphorylation. The dimerization, while transient, may have allowed for more persistent kinase activity of the monomers. Nevertheless, in cells, efficient signaling by the SLK kinase domain is enhanced by dimerization through another domain of the protein, such as the artificial Fv domain, or the native C-terminal domain, which contains coiled-coils. We detected significant p38 or JNK phosphorylation by the Fv-SLK 1-373 dimer, but not the monomer (Figs. 6 and 7) ; possibly, the ability of the monomer to induce signaling is related to transfection efficiency, or the assay we employed was not sufficiently sensitive.
Factors that would favor enhanced homodimerization of full-length SLK in vivo require further study. Earlier, it was proposed that the C-terminal domain of SLK fulfills an autoinhibitory function, as deletion of the C-terminal domain was reported to increase SLK activity (40, 41) . This result was not confirmed in another study (46) , and based on our results (Fig.  3) , we conclude that the C-terminal domain of SLK may interact with the catalytic domain, but is probably not autoinhibitory. The present study indicates that in cells, SLK exists as a high-molecular-mass complex (Fig. 2) , either as a dimer/ oligomer or in tight association with another protein(s). The latter could potentially represent an inhibitory protein that could regulate the activity of SLK by association/dissociation. For example, one may consider the possibility that SLK binds to a scaffolding protein(s), which can assist in controlling the local concentration of SLK. There is a putative SH3 binding domain in the C-terminal region of SLK that may potentially serve as a docking site onto protein scaffolds (40) . Upon ischemia-reperfusion injury, SLK could be released from protein scaffolds, which would then allow for enhanced local concentration and homodimerization via the C-terminal coiledcoil domain, leading to kinase activation. These possibilities will require further investigation, involving detailed analysis of the high-molecular-mass SLK complexes. An alternate mechanism may involve changes in SLK mRNA stability and protein expression, as shown to occur in renal ischemiareperfusion injury or during kidney development (13) . Under such conditions, increased expression of SLK would lead to a higher local concentration of SLK compared with the resting state. In turn, a higher local concentration may facilitate or strengthen homodimerization.
A better understanding of the regulation of SLK activity may be important for developing new therapeutic approaches to pathophysiological conditions involving SLK, such as ischemia-reperfusion injury, as well as wound healing, or tumor invasion. For example, it may be possible to develop pharmacological interventions directed at the homodimerization of SLK. Such drugs could target coiled-coil domain interactions and the associated van der Waals forces. Certain drugs, which could conceivably enhance homodimerization and proapoptotic effects could be applicable to suppressing tumor progression; conversely, inhibition of dimerization may be beneficial during healing from injury. In addition, the space in the dimer interface formed through activation segment exchange, close to the ATP binding site, can potentially be targeted by protein kinase inhibitors (26, 38) . Finally, drugs could be designed to target the substrate binding site of SLK and inhibit downstream signaling. The modulation of tubular and glomerular cell apoptosis (16, 43) by blocking SLK activation may be a novel approach to ameliorate ischemia-reperfusion injury and acute renal failure.
